Temperature-dependence of ink transport during thermal dip-pen nanolithography
We investigate the control of tip temperature on feature size during dip-pen nanolithography (DPN) of mercaptohexadecanoic acid (MHA) on Au. Heated atomic force microscopy (AFM) probes operated between 25 C and 50 C wrote nanostructures of MHA for various dwell times and tip speeds. The feature size exhibited an exponential dependence on tip temperature with an apparent activation barrier of 165 kJ/mol. Analysis of the ink transfer process shows that, while $1/3 of the barrier is from ink dissolution into the meniscus, the rest reflects the barrier to adsorption onto the growing feature, a process that has been ignored in previous DPN models. 3 and other materials. 4, 5 Much like painting with liquid ink, a nanometer-scale tip is coated with an ink that flows from tip to substrate. A variation of this technique, thermal DPN (tDPN), uses heating at the tip to further control the ink transport to the surface, enabling the use of inks that are solid and/or insoluble at room temperature. 6 One of the most common uses of DPN is the patterning of alkanethiols on gold substrates. 2, 5, 7 A number of studies have shown that the dimensions of the features created by DPN patterning of alkane thiols is the product of a sequence of dissolution, diffusion, and adsorption processes, all of which can, in principle, be affected by environmental conditions such as temperature and humidity. Two recent studies investigated the effect of temperature on alkanethiol patterning on Au by varying either the atmospheric chamber temperature 8 or the substrate temperature. 9 However, the basic mechanism of temperature-dependent ink transport is still not fully understood. Here, we use the internal heating capability of thermal AFM cantilevers to pattern mercaptohexadecanoic acid (MHA) on gold surfaces at different tip temperatures in order to investigate the temperaturedependence of ink transfer.
The experiments used AFM cantilevers with integrated heaters capable of operating at temperatures between room temperature and 1200 C, with an accuracy of 61 C and less than a 100 ls time constant. The fabrication, operation, and calibration of such cantilevers were reported elsewhere. 10, 11 The temperature distribution across the cantilever, tip, and substrate depends upon cantilever heating rate, tip-substrate thermal resistance, and substrate thermal properties. 12, 13 For our substrate of 50 nm gold on silicon, the increase in substrate temperature at the tip contact is only expected to be 5%-10% of the rise in cantilever heater temperature, while the temperature of the tip itself should be 90%-95% of the rise in cantilever temperature. Figure 1 illustrates the MHA deposition process from a heated probe. MHA molecules are transferred to the substrate through the water meniscus at the tip-surface interface at a rate dependent on probe temperature. (See supplementary material for details. 17 ) The probe was operated at temperatures from 25 C to 50 C, staying below the melting temperature of MHA. Both dot and line patterns were fabricated at a relative humidity (RH) of 36%-46% using a constant tip-surface contact time of 3 s and a writing speed of 0.2 to 1.0 lm/s, respectively. Once the patterning process was completed, clean AFM probes were used to obtain lateral force microscopy (LFM) images of the patterns. Figure 2 shows LFM micrographs of MHA dot arrays fabricated using a constant contact time of 3 s. The average dot diameter ranged from 250 nm to 2750 nm for cantilever temperatures ranging from 25 C to 45 C, respectively. For the case of MHA line arrays, the average line width increased from 74 nm to 580 nm as the temperature was increased from 24 C to 34 C. Note that the range of temperature over which MHA was deposited as a monolayer was limited by its low melting point, which is only 65-69 C. LFM micrographs of MHA line arrays in Fig. 3 show the effect of thermal cycling of the cantilever on feature size. The lines were patterned at writing speeds ranging from 0.2 to 1.0 lm/s, and the cantilever temperature was ramped from room temperature to 36 C over a 25 s period at the start of each line. The heater power was then turned off instantaneously while the tip was still moving. The decay time of the line width during the off-cycle decreased from 12 to 1 s as the writing speed increased from 0.2 to 1.0 lm/s. Figure 4 shows the measured dependence of feature width on cantilever heater temperature at a fixed tip-surface contact time of 3 s and a writing speed of 0.3 lm/s. As the tip temperature was increased, the sizes of both dots and lines increased. The inset to Fig. 4 demonstrates that the data are reasonably well represented by an Arrhenius expression W ¼ W 0 exp(ÀE/kT) in which the activation energy E is associated with one or more thermally activated processes that govern transfer of MHA from tip to substrate. A least-square fit to the data gives an average value for E of 165 kJ/mol or 1.7 eV per molecule.
To understand our experimental results including the value of the activation barrier E, consider the processes involved in ink transfer to a growing dot or line. They include (1) ink dissolution into the meniscus, (2) diffusion through the meniscus, (3) adsorption onto the surface of the growing feature, (4) outward diffusion along its surface, and (5) binding to the gold substrate. However, we can rule out a number of these as the source of the observed temperature effect. First, because the feature dimensions in our experiments are much larger than the width of the meniscus 14 and extend well beyond the zone of significant temperature increase, 13 and because the increase in substrate temperature at the tip contact is only 5%-10% of the increase in cantilever temperature, cantilever heating is not a factor in steps (4) and (5) of the process. Second, bulk diffusion of the MHA through the aqueous meniscus is driven by Brownian motion, which is not a thermally activated process and depends weakly on temperature. Therefore, only detachment from the tip into the meniscus and adsorption onto the surface, both of which are thermally activated, are potential sources of the observed Arrhenius dependence.
Our conclusion is consistent with Fig. 3 , which shows that meniscus heating and cooling times control feature size. The time constant for the decay of the line width is $10 s. In contrast, the cantilever heating and cooling time constants are 1-20 ls.
10 Similarly, the substrate heating and cooling time constants are in the ls range due to the excellent thermal conductivities of Au and Si. The only other heating or cooling time constant in the system is associated with the meniscus (given by its heat capacity times the net thermal resistance of the meniscus-tip and substrate-tip contacts acting in parallel), thus its heating and cooling must be responsible for the observed temperature dependence. Because the temperature of the meniscus directly affects the rates of both ink dissolution and adsorption to the surface, these must constitute the underlying temperature dependent processes.
The relative contributions of these two processes can be further constrained through a mass balance analysis of ink transfer. The rate at which ink is delivered to the surface is given by
where N is the number of molecules deposited at time t, A s is the area of the meniscus-substrate interface, K S is the rate coefficient for ink adsorption onto the surface, C(t) is the ink concentration in the meniscus at time t, and E A is the activation barrier to adsorption. During dot formation, the concentration, which increases due to detachment of ink from the tip and decreases due to reattachment to the tip as well as adsorption onto the surface, is given by
Here V M is the volume of the meniscus, A T is the area of the tip-meniscus contact, A m is the area of a single ink molecule on the tip, h is Planck's constant, E D is the activation barrier to detachment from the tip, and K T is the rate coefficient for ink adsorption back onto the tip. The solution to these coupled equations is shown graphically in Fig. 4 for values of K 0 , E A , and E D that provide the best fit to the data. The expression for line formation is easily obtained from that for dots. (See supplementary material for details.
17 ) The resulting average barrier to adsorption at the surface (E A ), which includes MHA desolvation, is 100 6 1 kJ/mol, while the average barrier due to ink dissolution (E D ) is only 55 6 1 kJ/mol. These values are consistent with literature estimates for dissolution 15 into and adsorption 16 out of aqueous solution (See supplementary material for details. 17 ). The value of E A obtained from this analysis may be useful in interpreting experiments on formation of organic self-assembled monolayers (SAMs) via other methods such as simple drop-coating.
In conclusion, we have used heated cantilevers to investigate the control of tip temperature on feature size during DPN patterning of MHA on Au substrates. The results show that writing speed, cantilever heater power, and thermal cycling times can be used to control feature dimensions. The key temperature of this process is that of the meniscus and the effective overall activation barrier to ink transfer is 165 kJ/mol. Quantitative analysis shows that this barrier is associated with two processes, ink dissolution into the meniscus and adsorption onto the substrate. Diffusion through the meniscus, diffusion across the surface, and binding to the gold at the pattern edge play no role in determining the temperature dependence. While dissolution of MHA into the meniscus is a process previously recognized as important in determining feature size, MHA desolvation and adsorption to the growing feature have not been previously considered, even though the barrier associated with this process is nearly twice that for ink dissolution and three times that typically associated with surface diffusion. 
